Introduction.-Biological damage after irradiation is the result of a complex series of interactions, depending on the quality of the radiation and the characteristics of the biological system. The predominant factors responsible for the damage may be determined by the type of radiation as well as by the physicochemical systems of the biological material. The separation of the factors involved may be accomplished, in part, by using different types of radiation and cells with various biological characteristics.
Different amounts of biological damage, scored as translocations and dominant lethals, have been recovered from the germ cells of Drosophila virilis with a series of different radiations, including 200-kvp X-rays, Cow y-rays, 22-Mev X-rays, and fission neutrons.1-3 In postmeiotic cells, young spermatids were consistently more sensitive to radiation than were the more mature, non-motile sperm. The resulting variation in radiobiological damage may involve both differences in sensitivity of chromosome breakage and changes in the chemical system of cells. Radiobiological actions obtained with fission neutrons indicate a variation in chromosome breakage,2 whereas results with X-radiation indicate an involvement of the chemical systems, since environmental changes were more effective for determining the amount of biological damage.'
We treated germ cells in spermatogenesis with 14-Mev neutrons in 02 and N2 atmospheres. The average linear energy transfer (LET) for 14-Mev accelerator neutrons is about 12-14 Kev/M, which is equivalent to 400 ion pairs/w. Biological damage from the densely ionizing radiations of neutrons in oxygen and nitrogen can be compared in sperm, spermatids, and meiotic and spermatogonical germ cell.
Materials and Methods.-The Texmelucan strain of D. virilis, 1801.1, was used as a standard stock for testing radiation effects from accelerator neutrons on the de-VOL. 44, 1958 veloping germ cells of spermatogenesis. Drosophila virilis offers a system in which maturation of germ cells requires a longer period of time than in D. melanogaster. This slower rate of development allows more complete separation of the various types of germ cells for testing biological damage. Clayton4 has described the absolute and relative frequency of germ cells in the testes of larval, pupal, and young imago stages of D. virilis. Histological data and biological tests can be compared for a more complete analysis of radiation damage.
Samples of adult males were collected within 2 hours after eclosion and treated at 19-21 hours after eclosion. Sperm bundles were the most mature type of germ cell present in the testes. Coiled sperm do not appear in the testes until 3 days later (4 days after eclosion). The appearance of dense cystlike bodies in the region of spermatocyte and spermatid development approximates the time of appearance of coiled sperm in the lower portion of the testes. The germ cells present at the time of irradiation were sperm bundles, spermatids in various stages of spermiogenesis, spermatocytes, and spermatogonia.
For pupal tests, samples were collected at the prepupal stage before the cuticle became darkly pigmented. Pupae up to 3 hours old were collected. Radiation treatments were started 110-115 hours after pupation. The sample of germ cells included spermatogonia, spermatocytes, spermatids, and small numbers of sperm bundles. The development of larvae and pupae was under optimum conditions. Sperm samples were obtained by mating treated males, individually, to 3 females. In the adult tests, 2 of the 3 females were heterozygous normal obtained by crosses between two other D. virilis stocks, (1999 9 X 2375.8e), and 1 female carried homozygous recessive markers b on chromosome 2; tb and gp on chromosome 3; cd on chromosome 4: and pe on chromosome 5. After each 2-day mating period, the marker females were placed on fresh food. The F1 males, heterozygous for the treated chromosomes and marker genes, were backcrossed, individually, to marker females. Recombination classes of marker genes were used to determine frequency of translocations between the second, third, fourth, fifth, and Y chromosomes. The total sample for translocations consisted of samples of 14 F1 males from each P1 cross. Dominant lethal tests were obtained from the heterozygous normal females. After the 2-day mating peiiod, the normal females were placed on fresh food. Egg counts were made for individual females each day for a 4-or 5-day period. The percentage of development was calculated from the number of pupae that developed from the total egg sample. Dominant lethals were calculated from the percentage of egg development. The image from the pupae tests were mated either I male to 3 normal females or 1 male to 3 marker females.
Control tests for egg development have been carried out, using 7-day-old-males. Remating periods from young males and imago from pupae were collected in the same way as samples for the radiation tests. Control tests of crosses between males of 1801.1 and heterozygous females (1999 9 X 2375.86') have been sampled for a number of tests and repeated a number of times over the last 2 years.
In tests 1-1 and I-2, we used 2 nylon chambers, each divided in half, with 02 flowing into one compartment and N2 into the other. Adult males, 19-21 hours old, were divided into 4 groups, and a group was placed in each compartment. A constant flow of gas passed through the chamber for a 30-minute period before, during, and after neutron treatment. The oxygen test I-1 and the nitrogen test 1-2 were on the sample of males treated at the same time. A dose of 999.5 rads of 14-Mev neutrons was given for 30 minutes and 20 seconds at 19-21o C.
For the pupae tests, N2 and 02 treatments were started 8 hours before neutron treatment. Oxygen test III-1 and N2 test III-2 were on the same pupal sample and received 300 rads of 14-Mev neutrons. The total dose was given in 11 hours and 51 minutes at a rate of 25 rads per hour. In test IV, half the pupal sample was treated in 02 and half in N2. Both samples were treated at the same time with 196 rads of 3-Mev neutrons. The total dose was given at a constant rate over a 10-hour period.
The 14-and 3-Mev monoenergetic neutrons were produced by the T(d,n)He4 and D(d,n)He3 nuclear reactions, using a 250-Kev Cockcroft-Walton accelerator and thick zirconium hydride targets. If it is assumed that the value for each micron of track area is of equal importance, the average LET value for 14 The translocations are reported in relation to the total number of sperm containing translocations and are classified into those involving two, three, four, or five chromosomes. In Table 2 , translocations are classified into the percentage of these interchanges and indicate the minimum number of breaks. per cent for periods B, D, and E showed no significant differences. In N2, the translocation damage in spermatids (period E) was about twice that for non-motile sperm. In N2 percentages for interchanges involving two or more chromosomes (Table 2) were not different in the various periods. In period F, translocation damage dropped to 3.0 per cent.
Comparison of translocation damage in the 02 and N2 tests shows that consistent and significantly higher percentages of translocations were recovered in all postmeiotic cells with 02 ( Fig. 1) . The percentages in 02 were three times as great as in N2 in both sperm cells (period A) and spermatids (periods D and E). The difference between translocation damage in the two gases was not so great in period B. Although this discrepancy could be important in regard to sensitivity differences, there is too great a possibility that it results from a mixture of sperm bundles and spermatids of different sensitivities. A better comparison for sperm can be made by using the first samples (period A), which will contain a more consistent sample of cells treated as sperm bundles. Spermatids designated in periods D and E were from samples large enough to separate spermatids from sperm bundles and were separated from meiotic cells by differences in translocation rate.
Spermatids were approximately twice as sensitive as sperm whenO2was reduced or even eliminated by replacement with N2 in the neutron treatment. Chromosomes in spermatids are more sensitive to chromosome breakage than those in sperm. An explanation by chromosome restitution would be to assume that, in N., restitution of breaks occurs more often in sperm than in spermatids. In 02, translocation damage in spermatids is also twice that in sperm. In both gases the frequency of translocations in spermatids is about twice that for sperm. These results would not be expected if the gaseous atmospheres had an effect upon the restitution of breaks.
In the 02 test, the number of spermatid cells that contained translocations increased, and the minimum number of breaks also increased ( Table 2 ). The relative proportion of translocations involving more than two chromosomes increased from [8] [9] [10] [11] [12] per cent to 21-25 per cent. This characteristic shift in the number of chromosomes involved shows that increases in translocation damage in spermatids were the result of increases in breakage. Spermatid cells are sampled later in the cycle than sperm cells, and the longer period of time between treatment and sampling does not appear to increase normal healing of breaks.
With 02, dominant lethals in postmeiotic cells (periods A through E) exhibited a significant increase from 68.7 per cent in sperm to 92.4 per cent in spermatids (Table 1 and Fig. 2 ). In N2, the percentages of dominant lethals recovered from the mating periods A through E (postmeiotic cells) were approximately the same. Absence of a significant increase in dominant lethals in spermatids indicates either a difference in dominant lethals and translocations or differences in sperm release in the N2 tests. The mating procedure makes it difficult to assume selective mating of certain females in the N2 test and not in 0n. An increase in the biological damage occurred in period D or E as compared to the first mating period in a series of some 20 tests with various types of radiation and in a number of gas mixtures'-3. A lack in proportional increases in lethal damage in spermatids over that for sperm would indicate a qualitative difference in response of the various cells to 02-Values for lethal damage in N2 remained similar in postmeiotic cells, whereas, in 02, the lethal damage increased in varying amounts in different cells (Fig. 2) .
Tests for translocation and dominant lethal damage were repeated with 02 and with N2 using mature sperm from 7-day-old males. A dose of 1,004 rads of 14-Mev neutrons produced 52.7 per cent dominant lethals in O2 and 42.1 per cent in N2.
Oxygen was also effective for increasing translocation damage in mature sperm, 9. The pupae tests (Table 3 and Fig. 3 ) furnish more information on neutron damage in spermatogonial cells. The neutrons produced maximum damage in the post- Auerbach.9 In her study the high mutation frequencies of sex-linked and autosomal recessive lethals appeared in the early stages of spermiogenesis after the appearance of X-ray-induced crossing over. Conditions responsible for the high amount of biological damage in spermatids involve the presence of oxygen and sensitivity for chromosome breakage. Increase in biological damage with X-irradiation in 02 atmospheres was quite pronounced in D. virilis,1 and Sobels'0 found that azide and cyanide with X-rays noticeably increased the mutation rate for similar periods in D. melanogaster. Both indicate an involvement of oxygen metabolism in radiation damage. Neutrons as well as X-rays have been shown to produce quantitative differences in the amount of biological damage with changes in environmental conditions of oxygen, temperature, and hydration.1, 2, 11-15 Neutrons do not produce such pronounced differences in biological damage with environmental changes as do X-rays."3, 15 In D. virilis, the sensitivity difference for spermatids and sperm with fission neutrons and 200-kv X-rays differed by a factor of 2. In air, twice the dose of neutrons was required to produce 50 per cent lethal damage in sperm as in spermatids: with 200-kv X-rays, a dose at least four times as large was necessary. The relative biological effectiveness of fission neutrons and X-rays in sperm cells shows that the doses necessary for 50 per cent lethal damage are 2880 rads for X-rays and 432 rads for neutrons. This gives a relative biological efficiency (RBE) of 6.6. For spermatids an RBE value of 3.2 is obtained from the doses of 750 rads for X-rays and 233 rads for fission neutrons.2 Data for 14-Mev accelerator neutrons included here and unpublished data indicate that in sperm the values are closer to 2 or 3. These values are in close agreement with the RBE values obtained for mature sperm of D. melanogaster (Edington and Randolph).5 For spermatids, the RBE values would approach a value half that for sperm if translocation damage was twice as great in spermatids as in sperm with the same dose of neutrons.
Two different radiochemical reactions may be predominant when 14-Mev neutrons and 200-kv X-rays are used. Based on the results of Allen16 for the decomposition of H20 by ionizing radiations, irradiated H20 decomposes to molecular H2 and H202 simultaneously with the decomposition to the free radicals H and OH.
With 7y-rays and hard X-rays, the yield of free radicals is the predominant reaction, and, as the ion density of the radiation increases, the molecular yield increases as the free radical yield falls. According to Bonet-Maury's results,'7 free radical formation is predominant for radiations with ion densities below 200 ion pairs/A.
Above 200, the predominance of the molecular decomposition of H20 is indicated by the high yields of H2 and H202. Formation of free radicals with radiations over 200 ion pairs /,1 has been attributed to irregular spacing of radicals along the ion column'6 and to the side tracks and ends of electronic trajectories." With X-rays below 200 ion pairs /,t, the radical distribution would be more sparse and more uniform and allow a re-formation of H20 or back reactions resulting in a series of reactions involving free radicals. The 14-Mev neutrons, which yield an average ion density of 400 ion pairs /4, would fall into the predominantly molecular type of reaction. The energy density is not high enough to eliminate free radical formation and should allow testing free radical formation along with the molecular type of reaction.
A direct action from the molecular decomposition type of action should produce parallel values for biological damage in 02 and N2 with postmeiotic cells. We found this situation essentially true for translocations. This indicates that chromosome breakage varies in sensitivity during spermiogenesis. In 02 the percentage of translocations was increased from the N2 value of 3.9 to 14.0 per cent. In spermatids, the N2 value of 9.9 per cent was increased to 30.0 per cent. In period B the increase with 02 was lower than would be expected, but the variability in this period was probably caused by mixtures of sperm and spermatids. An increase in translocation damage in the immature spermatids over the value for mature sperm in N2 atmospheres indicates a difference in the sensitivity for chromosome breakage. The threefold increase in 02 above the N2 value was found for sperm and spermatids. An additional effectiveness from 02 does not seem to occur in spermatids. The increase with 02 could be by a direct action, as indicated by P. Alexander,'8 although formation of free radicals is not eliminated by the LET energies for 14 concentration. An explanation by means of differential mating of the males does not seem satisfactory from the method used, and absence of an increase in lethal damage has not been encountered before.
With 02, X-rays produce greater increases in translocation rates in spermatids than in sperm, whereas the differential in rates in N2 seems to be smaller and more like the situation obtained with neutrons. The rate in N2, with over 2,000 mature sperm, has been tested in four experiments. Values of 3.6, 3.9, 4.1, and 5.7 per cent for the various tests agree with the rate reported by Baker and Edington.'9 The best estimate for spermatids in N2 is from pupae treated with 1,000 r. The translocation rate from the first mating period was 1.6 per cent and was 5.5 per cent for the second period. The rate dropped to less than 1 per cent when meiotic cells were included in the sample. The second mating period is considered more representative of spermatids, since the first period contains sperm bundles. According to Clayton, there is a very short period in germ cell development where the testes contain spermatids without the presence of sperm bundles. On this basis, spermatids are twice as sensitive to chromosome breakage as sperm, since 2,000 r produced the same percentage of translocations in sperm as 1,000 r did in spermatids. Pupae data for 14-Mev neutrons show that resistant types of spermatogonial or stem cells are present in the testes. The noticeable drop from complete lethality to control level for lethals indicated that some types of lethal damage in the spermatogonial cells are being selected out or that the difference in the resistance of the cells is quite great. The possibility of selection against lethals in spermatogonial cells is supported by the data for cell degeneration obtained with fission neutrons. The histological data first reported by Friesen23 and later work of Welshons and Russell24 show that degeneration of late spermatogenia and early spermatocytes occurs after radiation.
Summary.-Germ cells of spermatogenesis of D. virilis were treated with accelerator neutrons of 14-Mev energy in 02 and N2 atmospheres. Treatment with 999.5 rads of neutrons in 02 produced significant increases over the N2 values for translocations and dominant lethals in postmeiotic stages of cell development. In both gases the differential effect was greater in spermatids than in sperm. In spermatids the influence of environmental changes (presence of 02) increased the translocation damage from 10 per cent in N2 to 30 per cent in 02. The minimum number of breaks also increased, showing that 02 exerts an effect on sensitivity for chromosome breakage. Dominant lethal damage was also noticeably increased in sperm and spermatids with 02. In N2, there were no significant changes in dominant lethal values in postmeiotic cells.
Sensitivity in chromosome breakage, measured as translocations, differed in the germ cell stages in both gases. In N2, twice the amount of translocation damage was produced in spermatids as in sperm treated with the same dose of neutrons. In the O2 test, which was run simultaneously with the N2 test, consistently higher values were obtained, but a similar differential effect was found for sperm and spermatids. This similarity in differential breakage in both gases shows that chromosome breakage differs in sperm and spermatids and that the difference is not limited to external atmospheres of gases that contained O2, since differences also occurred in N2. A comparison of dominant lethals in N2 and 02 shows qualitative differences in lethal damage in the germ cells of spermiogenesis when 02 iS present. Dominant lethal values for sperm and spermatids were similar with N2.
In meiotic cells, higher dominant-lethal values were found with 02 than with N2. In spermatogonial cells, the lethal damage was similar in both gases. Spermatogonial cells were also obtained from pupal tests and gave similar results in both gases. The pupal test showed that some premeiotic cells were present in the testes resistant enough to survive neutron doses that produced complete lethality in postmeiotic cells. The surviving cells contained no dominant lethal damage and acted as stem or spermatogonial cells for repopulating the germ cells of the testes.
The mean value for the LET of 14-Mev neutrons is higher than that for 200-kv X-rays and lower than that for fission neutrons. 
